Abstract: Cutaneous fatty acid-binding protein (C-FABP) is a member of the intracellular lipid-binding protein multigene family expressed in various tissues. A high level of C-FABP mRNA in adipose tissue has been reported, but its physiological significance in regulating adipose tissue function is not clear. To obtain insights into the role of C-FABP in adipose tissue, we studied the obesity-related and dietary fat-related changes of C-FABP mRNA expression in adipose tissues. C-FABP mRNA levels in interscapular brown adipose tissue, and epididymal and perirenal white adipose tissues were higher in Zucker fatty rats than in lean controls despite that the difference in brown adipose tissue was not significant. Fish oil compared to palm and safflower oils significantly reduced the mRNA level of C-FABP in brown adipose tissue and epididymal and perirenal white adipose tissues in Sprague-Dawley rats except for one occasion. Our study demonstrated that C-FABP is a protein whose mRNA expression is easily modified by hereditary obesity and the type of dietary fat. Therefore, C-FABP may play a significant role in regulating adipocyte function in response to changes in nutritional conditions.
INTRODUCTION
Cutaneous fatty acid-binding protein (C-FABP), also known as psoriasis-associated FABP, keratinocyte FABP, epidermal FABP, DA11 or mal1, is a member of the intracellular lipid-binding protein multigene family 1) . C-FABP has been isolated from human skin, sequenced, and characterized [2] [3] [4] . Homologues of its gene have been cloned from various animal species including mice 5, 6) , rats 7) , and bovines 8) . The exact role of C-FABP in skin has not been clarified. An analysis of the phenotype of C-FABP-gene knockout mice 9) indicated that C-FABP is involved in maintaining the water permeability barrier function of the epidermis through participation in the synthesis of epidermal lipids. Unlike other fatty acid-binding proteins, C-FABP contains a large number of cysteine residues 10, 11) , and it has been suggested that C-FABP functions as an antioxidant in the skin by scavenging peroxidized lipids through the covalent modification of cysteine residues 11) . Studies have shown that this protein occurs not only in skin but also in a variety of other tissues and cells 5, 8, 9, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . These observations indicated that C-FABP is not only involved in maintaining the function of the skin, but also plays a role in regulating lipid metabolism in the other tissues. Appreciable levels of C-FABP in adipose tissue have been reported not only in mice 5 , 1 3 , 1 6 , 1 7 , 2 2 ) but also in humans 19, 20) . Adipocyte lipid-binding protein (ALBP) is the major cytosolic fatty acid-binding protein in adipose tissue, and C-FABP is much less abundant than ALBP in this tissue 13, 16, 17, 22) . However, some studies raised the possibility that a change in the expression of C-FABP in adipose tissue is associated with altered adipocyte function, and the development of obesity and insulin resistance 17, 19, 20, 22) . However, information on the nutritional regulation of the expression of C-FABP in adipose tissue has been lacking. In this context, we examined the nutritional regulation of C-FABP gene expression in adipose tissues. We found that the mRNA expression of C-FABP was strongly up-regulated in adipose tissue of Zucker fatty rats compared to lean controls. We also showed that mRNA expression of C-FABP in white adipose tissue was modified by the type of dietary fat. These observations suggested that C-FABP in adipose tissue plays an important role in regulating adipocyte function in response to changes in nutritional conditions.
EXPERIMENTAL

1
Male Zucker lean and obese (fa/fa) rats and SpragueDawley rats were purchased from Charles River, Kanagawa, Japan. The animals were housed individually in a room with controlled temperature (20) (21) (22) , humidity (55-65%), and lighting (lights on from 07:00 to 19:00 h), and fed a laboratory chow (Type NMF, Oriental Yeast Co., Tokyo, Japan) for 1 week at least to acclimatize to our housing conditions. In a nutritional study to examine the effects of dietary fat types on gene expression, Sprague-Dawley rats obtained at 4 weeks of age were divided into groups after 1 week of acclimatization and were fed purified experimental diets containing 20% of different types of dietary fats for 21 d. The composition of the experimental diet was (in weight %): casein, 20; corn starch, 15; fat, 20; cellulose, 2; mineral mixture, 24) 3.5; vitamin mixture, 24) 1.0; DL-methionine, 0.3; choline bitartrate, 0.2 and sucrose, 38. Either palm oil (saturated fat), safflower oil rich in linoleic acid or fish oil rich in n-3 fatty acids was used as dietary fat sources in this experiment. Fatty acid compositions of these dietary fats are shown in . This study was approved by the review board of animal ethics of our institute and we followed the institute's guidelines in the care and use of laboratory animals.
2
Animals were sacrificed by withdrawing blood from the abdominal aorta under diethyl ether-anesthesia and tissues were excised. RNA in various tissues was extracted by the acid guanidium thiocyanate-phenol-chloroform method 25) . RNA was reverse-transcribed with random hexamers using MultiScribe reverse transcriptase (Applied Biosystems) to generate cDNA. mRNA levels were analyzed by a quantitative real-time PCR using an Applied Biosystems Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA, USA) as detailed previously 26) . The nucleotide sequences of sense and antisense primers, and probes designed using Primer Express Software (Applied Biosystems) according to the nucleotide sequences available in the GenBank data base were 5'-TGGCCAAACCA-GACTGCAT-3', 5'-CTCTCCCAAGGTGCAAGAAAA-3', and 5'-TACCCTCGACGGCAACAACCTCACC-3' for C-FABP (accession number, S69874), and 5'-ACACCGAGATTTC-CTTCAAACTG-3', 5'-CCATCCCACTTCTGCACATG-3', and 5'-CGTGGAATTCGATGAAATCACCC-3' for ALBP (U75581), respectively. The levels of 18S rRNA in each cDNA sample were also analyzed using primers and probes supplied from Applied Biosystems (TaqMan ribosomal RNA control reagents). Abundances of mRNAs for C-FABP and ALBP were calculated as the ratio to the 18S rRNA level in each cDNA sample.
3
Serum triacylglycerol, cholesterol, free fatty acid, and glucose levels were analyzed by using commercial enzyme kits (Wako Pure Chemical, Osaka, Japan). The serum insulin concentration was analyzed with a commercial ELISA kit (Morinaga Co., Tokyo, Japan). Lipids in adipose tissues were extracted and purified 27) . The fatty acid concentration and compositions of the lipid extract were analyzed by GLC using a 1.4BDS capillary column (40 m 0.25 mm, Shimadzu Co., Kyoto, Japan) and heptadecanoic acid was used as an internal standard.
4
The values were expressed as means SE. StatView for Macintosh (SAS Institute Inc., Cary, NC, USA) was used for statistical analyses. Student's t-test was used to detect significant differences between the means in Zucker fatty and lean rats. In the experiment to examine the effect of dietary fat types on gene expression of C-FABP and ALBP, data were analyzed by one-way ANOVA, and significant differences between the means were inspected using a Tukey-Kramer post-hoc analysis. The differences were considered to be significant when p<0.05.
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RESULTS
1
Although studies indicated that C-FABP mRNA is expressed in various tissues 5, 8, 9, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , detailed information on the tissue distribution of the mRNA for this protein has been scarce. We therefore analyzed the mRNA abundance of C-FABP in various tissues of 10-week-old Zucker lean rats fed a laboratory chow using the quantitative real-time PCR method ( ). We also analyzed the abundance of mRNAs for ALBP among tissues. RNAs were extracted from various tissues of 5 rats. Equal amounts of RNA from each tissue were combined and cDNA was synthesized. mRNA levels in cDNA samples were quantified using specific primers and probes. The level of 18S rRNA in each cDNA sample was also analyzed with TaqMan ribosomal RNA control reagents. mRNA abundances were calculated as the ratio to the 18S rRNA level in each cDNA sample and expressed as percentages, assigning the value in epididymal white adipose tissue as 100. C-FABP mRNA was detected in various tissues, the highest level being found in skin. Substantial levels were found in brown adipose tissue, and perirenal and epididymal white adipose tissues, being comparable to those in liver, brain, heart, kidneys, spleen, intestine, lung, and testis. The expression of ALBP was mostly confined to interscapular brown adipose tissue, and epididymal and perirenal white adipose tissues. Our results therefore showed that compared to ALBP, C-FABP is more ubiquitously expressed in various tissues. C-FABP mRNA levels in brown adipose tissue and epididymal and perirenal white adipose tissues were found to be appreciably high.
2
To examine the physiological significance of C-FABP in controlling adipocyte metabolism, we analyzed the obesityrelated changes in the mRNA expression of C-FABP using Zucker lean and fatty rats (fa/fa). The rats, maintained on a laboratory chow, were sacrificed at 10 weeks of age. Body weights at the time of killing were 311 4 and 422 8 g for lean and fatty rats, respectively (p<0.01). The weights of interscapular brown adipose tissue, and epididymal and perirenal white adipose tissues were significantly higher in fatty than in lean Zucker rats ( ). Serum triacylglycerol, cholesterol, free fatty acid and glucose concentrations were significantly (p<0.01) higher in fatty rats (581 68, 283 10, 85.3 6.1 and 966 45 mmol/dl, respectively) than in lean rats (144 15, 165 8, 44.1 3.0 and 714 19 mmol/dl, respectively). The serum insulin concentration was more than 10 times higher in Zucker fatty rats (3565 935 ng/dl) than in lean rats (241 49 ng/dl) (p<0.01). We measured levels of mRNAs for C-FABP and ALBP in lean and fatty Zucker rats. mRNA abundances were calculated as the ratio to the 18S rRNA level in each cDNA sample and expressed them as percentages assigning the value in epididymal adipose tissue of Zucker lean rats as 100 ( ). C-FABP mRNA levels in brown adipose tissue, epididymal and perirenal white adipose tissues, and skin were 2.1-, 2.1-, 8.7-and 2.9-times higher in Zucker fatty than lean rats though the difference in brown adipose tissue was not statistically significant. The levels of mRNAs for ALBP in adipose tissues were also higher in obese than in lean rats. Fold-increases in ALBP mRNA levels due to hereditary obesity were 1.4, 1.7 and 5.8 for brown adipose tissue, and epididymal and perirenal white adipose tissues, respectively. Therefore, C-FABP mRNA compared to ALBP mRNA was more affected by hereditary obesity.
Correlations between weights of interscapular brown, epididymal white, and perirenal white adipose tissues and the mRNA levels of C-FABP and ALBP are also shown in . Positive correlations were observed between weights of epididymal and perirenal white adipose tissues, and mRNA levels for C-FABP and ALBP. The correlation between interscapular brown adipose tissue weights and mRNA levels of C-FABP, but not ALBP, was also significant.
3
It has been demonstrated that types of fat influence gene expression in adipose tissue 28, 29, 30, 31) . Therefore, in the second experiment, we examined the role of dietary fat types Zucker Lean Rats. mRNA levels were quantified by real-time PCR using primers and probes specific to C-FABP and ALBP mRNAs. mRNA abundances were calculated as the ratio to the 18S rRNA level and expressed as percentages, assigning the value in epididymal white adipose tissue as 100.
in regulating the mRNA expression of C-FABP in adipose tissues. Sprague-Dawley rats were fed diets containing 20% palm oil (saturated fat), safflower oil (a fat rich in linoleic acid), or fish oil (a fat rich in n-3 fatty acids) for 21 d. No significant differences were observed in weight gain among the groups (168 6, 161 7, and 165 4 g/21 d for rats fed palm, safflower, and fish oil diets, respectively). Daily energy intake was the same among the groups (82.7 1.9, 76.8 2.5, and 76.1 1.2 kcal/d for the animals fed palm, safflower, and fish oil diets, respectively).
There were no significant differences in the weight of interscapular brown adipose tissue among the groups ( ). However, fish oil compared to palm and safflower oils significantly reduced the fatty acid concentration in brown adipose tissue. Fatty acid content expressed as mg/100 g body weight in this tissue became significantly lower in rats fed fish oil than in those fed palm oil. Epididymal and perirenal white adipose tissues weighed less in rats fed fish oil than in those fed palm oil. Also, these values tended to be lower in rats fed fish oil than in those fed safflower oil. Fish oil compared to palm and safflower oils not only reduced white adipose tissue weights but also significantly reduced fatty acid concentrations in the tissues. As a consequence, fatty acid contents in these white adipose tissues of rats fed fish oil were approximately one-half those observed in the animals fed palm and safflower oils. Compositions of adipose tissue fatty acids generally reflected those in the diets (data not shown). Types of dietary fat also modified fatty acid compositions (data not shown) but did not affect the concentrations in skin.
mRNA levels of C-FABP and ALBP calculated as the ratio to the 18S rRNA level in each cDNA sample were expressed as percentages assigning the value in epididymal white adipose tissue of rats fed a palm oil diet as 100. Safflower oil compared to palm oil did not significantly modify the mRNA expression of C-FABP in various adipose tissues despite that the values in perirenal white adipose tissue and skin were considerably lower in rats fed safflower oil than in those fed palm oil. Fish oil compared to palm and safflower oils significantly decreased mRNA levels of C-FABP in brown adipose tissue, epididymal white adipose tissue, and skin. The mRNA level of C-FABP in perirenal
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J. Oleo Sci. 56, (10) white adipose tissue was significantly lower in rats fed fish oil than in the animals fed palm oil but not safflower oil. However, types of dietary fats did not modify the mRNA levels of ALBP in various adipose tissues. Significant correlations were observed between perirenal white adipose tissue weight and the mRNA level of C-FABP in this tissue. Correlations between tissue fatty acid content in epididymal and perirenal white adipose tissues and the mRNA level of C-FABP in respective tissues were also significant. However, no significant correlations between weights of tissue or their fatty acid contents and ALBP mRNA levels were observed.
The serum triacylglycerol concentration was significantly higher in rats fed palm oil than in the animals fed safflower and fish oil ( ). The difference was not significant between the latter two groups. The serum cholesterol concentration was significantly lower in rats fed fish oil than in the animals fed palm and safflower oils. The serum free fatty acid concentration was lowest in rats fed fish oil among the groups, and a significant difference was seen relative to the rats fed palm oil but not safflower oil. There were no significant differences in serum glucose concentrations among groups. The serum insulin concentration was significantly lower in rats fed fish oil than in the animals fed safflower oil, but not in those fed palm oil.
DISCUSSION
C-FABP was first isolated from human skin [2] [3] [4] . However, its mRNA was later found to be expressed in various tissues including adipose tissue 5, 8, 9, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Krieg et al. 5) examined levels of C-FABP mRNA in mouse tissues, and found that the mRNA was most abundant in stratified epithelia of the epidermis and tongue. Relatively large amounts were found in adipose and mammary tissues, and small amounts in heart, brain, liver, spleen, muscle, and lung. Our observation indicated a more widespread distribution of the mRNA among tissues in rats. Therefore, differences in the localization of C-FABP may exist between mice and rats. Krieg et al. 5) indicated that C-FABP mRNA was relatively abundant in adipose tissue, but did not supply information on the location of the adipose tissue they analyzed. We found that the level of C-FABP mRNA depends on the location of the fat pads. The level was high in the epididymal depot, being more than 70% of the level observed in skin. Also, relatively high levels were detected in perirenal white adipose tissue and interscapular brown adipose tissue indicating that C-FABP plays a crucial role in regulating the function of these fat deposits. It has been demonstrated that the expression of ALBP is mostly confined to adipose tissues 32) as confirmed in the present study. ALBP is the most abundant fatty acid-binding protein in adipose tissue 1, 13, 16, 17, 22) . C-FABP has also been detected in adipose tissue in mice 13, 16, 17, 22) , though at much lower levels than ALBP. It has been demonstrated that targeted disruption of the ALBP gene in mice provides significant protection from hyperinsulinemia and insulin resistance in the context of both dietary 33) and genetic 34) obesity. However, in ALBP knockout mice, a huge compensatory increase in C-FABP expression occurs in adipose tissue 17, [33] [34] [35] . Therefore, there is the possibility that the phenotype observed in ALBP-null mice results from the increased expression of C-FABP rather than the deficiency of ALBP. With regard to this, knockout of the C-FABP-gene resulted in increased systemic insulin sensitivity in mice, while overexpression of C-FABP had the opposite effect 22) . Therefore, both ALBP and C-FABP in adipose tissue may be involved in the regulation of whole body glucose metabolism and insulin sensitivity.
It has been well demonstrated that hereditary obesity results in impaired glucose tolerance and insulin sensitivity in experimental animals 36) . In fact we confirmed that serum glucose and insulin concentrations were higher in Zucker fatty rats than in lean rats. We observed, in the present study, that mRNA levels not only of ALBP but also of C-FABP in white adipose tissue were much higher in obese Zucker rats than in lean controls. This observation may be
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consistent with a role for C-FABP 22) and ALBP [33] [34] [35] in regulating insulin resistance. Meanwhile, it has been demonstrated that dietary fish oil improves glucose tolerance and stimulates insulin-dependent glucose transport and metabolism in isolated adipocytes 37, 38) . In the present study, we did not find any significant alteration by dietary fish oil of the serum glucose concentration, but found that the serum insulin concentration was considerably lower in rats fed fish oil than in the animals fed palm and safflower oils. In this situation, fish oil compared to palm oil and safflower oil effectively reduced C-FABP mRNA expression in adipose tissues. Therefore, it is possible that down-regulation of C-FABP expression contributes to the fish oil-mediated improvement of glucose tolerance. As fish oil failed to modify the ALBP mRNA level, this fatty acid-binding protein may not be involved in this outcome. It has been also demonstrated that dietary fish oil did not modify the ALBP mRNA level in mouse epididymal white adipose tissue 26) . There is the possibility that changes in the expression of C-FABP and ALBP caused by nutritional and physiological conditions alter fat pad mass despite that neither knockout of the ALBP 17, 34, 35) or C-FABP 22) gene nor overexpression of C-FABP 22) in mice is associated with any alteration in fat pad mass. We observed in the present study that mRNA levels of C-FABP and ALBP in epididymal and perirenal white adipose tissues were much higher in fatty than in lean Zucker rats. Also, strong positive correlations were observed between mRNA levels of these proteins and weights of epididymal and perirenal white adipose tissues. Therefore, it is likely that these fatty acid-binding proteins are involved in the development of obesity. However, the observations made in rats fed different types of fats did not support the notion that ALBP at least is involved in the regulation of fat pad mass. In the present study, we confirmed a previous finding 30) that fish oil compared to palm oil, reduced the weight of both epididymal and perirenal white adipose tissue. In addition, we showed that fish oil, compared to palm and safflower oils, significantly lowered the fatty acid concentrations and contents in these white adipose tissues. Therefore, it is apparent that fish oil rich in n-3 polyunsaturated fatty acids, compared to both saturated fat and a fat rich in n-6 polyunsaturated fatty acids, attenuates lipid accumulation in white adipose tissues. However, fish oil compared to other fats failed to modify ALBP mRNA expression in various adipose tissues, and no significant correlations were observed between the weight of white adipose tissues or their fatty acid content and ALBP mRNA levels. In contrast, we showed that fish oil compared to palm and safflower oils down-regulated the mRNA expression of C-FABP in brown and white adipose tissues. We observed that a correlation between perirenal white adipose tissue weight and the C-FABP mRNA level was significant. Although a correlation between epididymal white adipose tissue weight and the C-FABP mRNA level was not significant, correlations between fatty acid contents and C-FABP mRNA levels in both perirenal and epididymal white adipose tissues were found to be significant. Therefore, it is possible that C-FABP but not ALBP is involved in dietary fat-dependent changes in lipid accumulation in white adipose tissues.
It is rather unexpected that the changes in C-FABP mRNA expression in skin caused by hereditary obesity and dietary fats generally paralleled those in adipose tissues, because the role of each of these tissues in maintaining physiology differs greatly. This observation at least indicates the existence of a common signaling pathway regulating C-FABP expression in these tissues.
We showed in the present study that hereditary obesity and types of dietary fat caused significant changes in mRNA levels of C-FABP in adipose tissues. Although the physiological significance of these changes is not necessarily clear at present, it seems that C-FABP is involved in regulating adipocyte function in response to changes in nutritional conditions. 
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